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The 2017 NRC Decadal Review, Thriving on Our 

Changing Planet A Decadal Strategy for Earth 

Observation from Space, has identified “Coincident 

high-accuracy currents and vector winds to assess 

air-sea momentum exchange and to infer 

upwelling, upper ocean mixing, and sea-ice drift” as 

a targeted observable for a potential Earth 

System Explorer mission (competed). 

– Doppler scatterometry identified as a 

measurement technique

Decadal Survey Recommendations
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• Both are critical air-sea interaction variables that have a tight two-way coupling

– Stress and stress derivatives drive both horizontal and vertical circulation

– Currents provide a moving reference frame for stress and also modulate winds through heat 

transport/SST

• GCOS lists both surface vector winds and surface currents as Essential Climate Variables

• Surface currents and winds are also important for many civil applications

– Coastal shipping

– Marine debris dispersal

– Disaster management due spills

– Marine fisheries (upwelling of nutrients)

• Doppler scatterometry identified as a measurement technique

– DopplerScatt (NASA IIP,  AITT) is a proof of concept instrument to validate measurement 

physics, algorithms, technology readiness.

Why Winds and Surface Currents?
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• Ocean vector winds

– Community observing recommendation: 

• Global coverage every 6 hours.

• Coverage up to the coast

– Actual capability:

• EUMETSAT ASCAT + ISRO SCATSAT-1 have global coverage ~once every 2 days, coastal 

coverage not possible within ~25 km of coast.

• COWVR or future ISRO instrument may improve temporal coverage, but not coastal 

coverage. Coverage every 6 hours will require more satellites than currently planned.

• Surface Currents

– There is no capability planned for surface currents. SWOT will measure geostrophic (deep) 

currents, but surface currents are modified by winds. OSCAR product is based on very low 

resolution altimeter (geostrophic) currents and modeled wind contributions. It is not valid in 

coastal areas.

Current or Planned Observing Capabilities
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Ocean Sampling Requirements 
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presents a derivation of all the components of the error budget for wide-swath altimeters, which con-
tains many more terms than for the traditional nadir altimeter. Not only is the measurement prin-
ciple different from traditional altimetry, but, due to the off-nadir viewing angles and the need to use 
Synthetic Aperture Radar (SAR) and interferometry, the measurement physics changes as well. These 
changes in measurement physics are reviewed in Section 2.5. The synthesis of these components into 
the design of a spaceborne mission is presented in Section 2.6, while the "nal section presents an over-
view of the current state of the measurement and possible avenues for future improvements.

2.2 OCEAN AND HYDROLOGY SAMPLING REQUIREMENTS

Figure 2.1 presents a graph of the space–time characteristics of various ocean phenomena whose 
SSH expression would be suitable for mapping with an altimeter. An overview of how high resolution 
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FIGURE 2.1 The approximate space and time scales of phenomena of interest that could be investigated from 
altimetric measurements of ocean topography with adequate spatial and temporal resolution. The dashed lines 
indicate the approximate lower bounds of the space and time scales that can be resolved in SSH "elds constructed 
from measurements by a single altimeter in the T/P 10-day repeat orbit con"guration. Processes with spatial scales 
to the left of the vertical dashed line and time scales below the horizontal dashed line require higher resolution 
measurements of ocean topography from a constellation of nadir-looking altimeters or a wide-swath altimeter. 
(From Chelton, D., Report of the High-Resolution Ocean Topography Science Working Group Meeting, 2001-4, 
College of Oceanic and Atmospheric Sciences Oregon State University, Corvallis, OR, 2001. With permission.)
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SSH measurements might inform our understanding of the ocean mesoscale and sub-mesoscale cir-
culation (Klein et al. 2016), tides (Arbic et al. 2016), coastal, and shelf processes (Ayoub et al. 2016; 
Laignel et al. 2016), as well as ocean bathymetry and sea ice, is given by Fu et al. (2012) and the 
previous references.

As expected with turbulent phenomena, shorter spatial scales are typically associated with shorter 
time scales, so that an increase in spatial resolution must be accompanied by a proportional improve-
ment in temporal resolution. The space–time sampling improvements that can be obtained by using a 
constellation of nadir altimeters is illustrated in Figure 2.2, which shows that even a constellation of 
four to !ve altimeters will have problems providing appropriate sampling of small mesoscale features. 
However, as illustrated in Figure 2.2, even a single high spatial resolution swath instrument can pro-
vide signi!cant improvements in sampling over a constellation of conventional altimeters, although 
temporal sampling of the fastest scales may still be challenging for just a single swath instrument.

Not only does the temporal scale decrease with decreasing spatial scale, but the magnitude of the 
SSH signal decreases as well, so that a high-resolution altimeter must not only meet the space–time 
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FIGURE 2.2 The relationship between orbit repeat period and the longitudinal separation of neighboring 
ground tracks for altimeters in exact repeat orbit con!gurations. The ground track spacing is displayed 
in degrees along the left axis and in kilometers at 40° latitude along the right axis. In log-log space, the 
choices of exact repeat period and ground track spacing for a single satellite fall approximately along 
the top straight line in the !gure. The repeat periods and ground track separations of past and present 
altimeter missions are shown by the solid circles. The two sampling patterns shown for the ERS altimeter 
correspond to the Multi-Disciplinary Phase (35-day repeat) and the Geodetic Phase (168-day repeat) of 
the ERS-1 satellite. The improvements in the resolution that would be obtained from multiple satellites in 
coordinated orbit con!gurations with evenly spaced ground tracks are shown for constellations of 2, 3, 4 
and 5 satellites. Also shown is the resolution expected to be achieved by WSOA and SWOT. (The !gure 
without the WSOA and SWOT information is adapted from Chelton, D. B., Report of the High-Resolution 
Ocean Topography Science Working Group Meeting, College of Oceanic and Atmospheric Sciences 
Oregon State University, 2001.)

From Rodriguez et al, 2017,
In Satellite Altimetry over Ocean and Land Surfaces
Stammer & Cazenave, Eds

WaCM



Orbital Sampling Characteristics
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Figure 19. Examples of the measurement swaths for single overpasses of SWOT and WaCM (left
and right, respectively) overlaid on the snapshot of the normalized vorticity ζ/f in the top panel of
Fig. 3b, except for the full CCS model domain shown in Fig. 2a.

Figure 20. Time and relative longitude plots of sequential ascending ground track overpasses of
SWOT and WaCM measurements along a fixed latitude. There are analogous sampling patterns for
the descending overpasses, except shifted approximately 0.5 day later in time. The sampling pattern
shown for SWOT is based on the orbit parameters of the planned 21-day exact repeat mission. The
sampling pattern shown for WaCM is based on the orbit parameters for the 4-day exact repeat
QuickSCAT mission. For reference, the vertical dashed lines in both panels indicate the longitudinal
extent of the western and eastern corners of the CCS model domain and the two pairs of horizontal
dotted lines in both panels indicate the two 4-day subcycles of SWOT sampling of the CCS model
domain.

Figure 21. Illustration of the two 4-day subcycles of SWOT sampling of the CCS model domain over
a 14-day interval of the 21-day exact repeat period (see the left panel of Fig. 20). The swaths from
the first 4-day subcycle (days 3.5–7.0) are shown in blue in the left panel and the swaths from the
second 4-day subcycle (days 13.5–17.0) are shown in red in the middle panel. The combined swaths
from the two 4-day subcycles are overlaid in the right panel.

Figure 22. Histograms of the numbers of samples by SWOT and WaCM during the first 4 days
and the full 14 days (top and bottom panels, respectively) of the 14-day sampling period for the CCS
model domain during each 21-day exact repeat period of the SWOT orbit. The histogram values are
expressed as percentages of the total number of grid points in the CCS model domain. The sampling
histograms for SWOT and WaCM are shown as thin and thick lines, respectively.

Figure 23. An illustration of the effects of time averaging on error-free surface current speed and
vorticity fields centered on the same date as the snapshots in Fig. 3: Column a) The instantaneous
snapshots (the same as the top panels of Figs. 3a and b, repeated here for easy comparison with
the other two panels of this figure); Column b) Four-day average maps; and Column c) Fourteen-
day average maps. The averages were constructed from model output at intervals of 0.5 days. The
speed maps in the top panels of columns b) and c) are the magnitudes of the 4-day and 14-day
vector-averaged velocity fields.

Figure 24. Alongshore wavenumber spectra of current speed and normalized vorticity computed
from the model surface velocity fields for the instantaneous snapshot, the 4-day average and the 14-
day average (thin, medium and thick lines, respectively) shown in Fig. 23. The speed spectra for
4-day and 14-day averages were computed from the magnitudes of the vector-averaged velocity fields
over the respective time periods. The smoothed spectra were computed by ensemble averaging as in
Figs. 13–15, except from the raw 0.5 km × 0.5 km grid with a cross-shore spacing of 5 km.

Figure 25. Maps of 4-day averaged SSH computed from error-free and noisy simulated SWOT
measurements of SSH after isotropic 2-dimensional smoothing using a Parzen smoother with a half-
power filter cutoff wavelength of 25 km: Column a) The 4-day average over the full model domain
computed from error-free model SSH fields at a time step of 0.5 day over the 4-day period; Column b)
The 4-day average over the full model domain computed from model SSH fields at a time step of 0.5
day over the 4-day period with simulated uncorrelated measurement errors with a standard deviation
of 2.74 cm; Column c) The 4-day average computed from simulated SWOT swath sampling of error-
free model SSH fields at the times and locations of each satellite observation over the 4-day period;
and Column d) The 4-day average computed from simulated SWOT swath sampling of model SSH
fields at the times and locations of each satellite observation over the 4-day period with simulated
uncorrelated measurement errors with a standard deviation of 2.74 cm. The bottom panels are the
error maps computed by subtracting the error-free map in Column a) from the error-contaminated
maps in top row of the respective Columns b)–d).
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Wide swath & temporal sampling are key

8© 2018 California Institute of Technology. Government sponsorship acknowledged. 

Error Free ıh� ������FP
SWOT 4-Day Average Vorticity/f with Filter Cutoff Wavelength 50 km

a) b) c) d)
Error Free, Sampled ıh� ������FP��6DPSOHG

Figure 30. The S/N standard deviation ratios for the full CCS region for the magnitude of the
vector-averaged velocity (the “surface current speed”) computed from simulated satellite estimates of
time-averaged SSH (for SWOT) and surface velocity (for WaCM) as functions of the half-power filter
cutoff wavelength of 2-dimensional isotropic smoothing using a Parzen smoother: a) Geostrophically
computed SWOT estimates of 4-day averaged speed; b) Geostrophically computed SWOT estimates
of 14-day averaged speed; c) WaCM estimates of 4-day averaged speed; and d) WaCM estimates
of 14-day averaged speed. The dotted lines correspond to estimates over the full model domain
with simulated uncorrelated measurement errors (σh = 2.74 cm for SWOT and σspd = 0.5 m s−1

for WaCM). The dashed lines correspond to estimates from simulated swath sampling of error-free
fields. The thick solid lines correspond to estimates from simulated swath sampling with uncorrelated
measurement errors (σh = 2.74 cm for SWOT and σspd = 0.5 m s−1 for WaCM). The S/N ratios for
WaCM are based on a swath width of 1200 km. The improved S/N ratios for WaCM with a swath
width of 1800 km are shown in Fig. 42a and b. The gray area in each panel indicates S/N standard
deviation ratios less than 3.16, which corresponds to a S/N variance ratio of 10. The vertical dashed
line in each panel indicates the wavelength above which the S/N standard deviation ratio exceed a
value of 3.16 for the case of combined measurement and sampling errors.

Figure 31. Maps of the magnitudes of 4-day averages of surface velocity from error-free and noisy
simulated WaCM measurements of surface velocity with a swath width of 1200 km and a standard
deviation of σspd = 0.5 m s−1 for the speed measurement noise with isotropic 2-dimensional smoothing
using a Parzen smoother with a half-power filter cutoff wavelength of 25 km: Column a) The 4-day
average over the full model domain computed from error-free model surface velocity fields at a time
step of 0.5 day over the 4-day period; Column b) The 4-day average over the full model domain
computed from model surface velocity fields at a time step of 0.5 day over the 4-day period with
simulated uncorrelated speed measurement errors with a standard deviation of σspd = 0.5 m s−1;
Column c) The 4-day average computed from simulated WaCM swath sampling of error-free model
surface velocity fields at the times and locations of each satellite observation over the 4-day period;
and Column d) The 4-day average computed from simulated WaCM swath sampling of model surface
velocity fields at the times and locations of each satellite observation over the 4-day period with
simulated uncorrelated speed measurement errors with a standard deviation of σspd = 0.5 m s−1. The
bottom panels are the error maps computed by subtracting the error-free map in Column a) from the
error-contaminated maps in the top row of the respective Columns b)–d).

Figure 32. The same as Fig. 31, except the magnitudes of 14-day averages of surface velocity from
WaCM with isotropic 2-dimensional smoothing using a Parzen smoother with a half-power filter cutoff
wavelength of 25 km.

Figure 33. Maps of 4-day averages of normalized surface vorticity ζg/f computed geostrophically
from error-free and noisy simulated SWOT measurements of SSH with isotropic 2-dimensional smooth-
ing using a Parzen smoother with a half-power filter cutoff wavelength of 50 km. The various com-
binations of measurement and sampling errors are the same as for Columns a)–d) of Figs. 26 and
28. In order to see the relatively small effects of measurement errors alone, the color bar for the
bottom panel of Column b differs from the color bar for the bottom panels of Columns c and d. The
bottom panels are the error maps computed by subtracting the error-free map in Column a) from the
error-contaminated maps in the top row of the respective Columns b)–d).

Figure 34. The same as Fig. 33, except for 14-day averages of normalized vorticity ζg/f computed
geostrophically from simulated SWOT measurements of SSH with isotropic 2-dimensional smoothing
using a Parzen smoother with a half-power filter cutoff wavelength of 50 km.
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Figure 35. The S/N standard deviation ratios for the full CCS region from simulated satellite
estimates of time-averaged surface vorticity computed from simulated satellite estimates of time-
averaged SSH (for SWOT) and surface velocity (for WaCM) as functions of the half-power filter
cutoff wavelength of 2-dimensional isotropic smoothing using a Parzen smoother: a) Geostrophically
computed SWOT estimates of 4-day averaged vorticity; b) Geostrophically computed SWOT estimates
of 14-day averaged vorticity; c) WaCM estimates of 4-day averaged total vorticity; and d) WaCM
estimates of 14-day averaged total vorticity. The dotted, dashed and thick solid lines correspond to
the same combinations of signal and errors as in Fig. 30. The S/N ratios for SWOT in the top panels
never exceed the threshold value of 3.16. The vertical dashed lines for WaCM in the bottom panels
indicate the wavelengths above which the S/N standard deviation ratios exceed a value of 3.16 for
the case of combined measurement and sampling errors based on a swath width of 1200 km. The
improved S/N ratios for WaCM with a swath width of 1800 km are shown in Fig. 42c and d.

Figure 36. Maps of 4-day averages of normalized total surface vorticity ζ/f computed from error-free
and noisy simulated WaCM measurements of surface velocity with a swath width of 1200 km and a
standard deviation of σspd = 0.5 m s−1 for the speed measurement noise with isotropic 2-dimensional
smoothing using a Parzen smoother with a half-power filter cutoff wavelength of 50 km. The various
combinations of measurement and sampling errors are the same as for Columns a)–d) of Fig. 31. The
bottom panels are the error maps computed by subtracting the error-free map in Column a) from the
error-contaminated maps in the top row of the respective Columns b)–d).

Figure 37. The same as Fig. 36, except for 14-day averages of normalized surface vorticity ζ/f com-
puted from simulated WaCM measurements of surface velocity with 2-dimensional isotropic smoothing
using a Parzen smoother with a half-power filter cutoff wavelength of 50 km.

Figure 38. The same as Fig. 30, except the S/N standard deviation ratios from simulated satellite
estimates of time-averaged surface current speed as functions of the half-power filter cutoff wavelength
of 2-dimensional isotropic smoothing using a loess smoother rather than the Parzen smoother used
for Fig. 30.

Figure 39. The same as Fig. 35, except the S/N standard deviation ratios from simulated satellite
estimates of time-averaged surface vorticity as functions of the half-power filter cutoff wavelength of
2-dimensional isotropic smoothing using a loess smoother rather than the Parzen smoother used for
Fig. 35.

Figure 40. The same as the bottom two panels of Fig. 20, except examples of the measurement
swaths for single ascending and descending overpasses of WaCM for the case of a swath width of
1800 km. The ground tracks are for illustrative purposes and could be adjusted longitudinally to
optimize the sampling of any specific region of the world ocean. The details of the sampling of the
CCS region would change accordingly.

Figure 41. The same as Fig. 23, except histograms of the number of samples by WaCM during 4
days and 14 days based on a swath width of 1800 km.

Figure 42. The same as the bottom two panels of Fig. 30 and the bottom two panels of Fig. 35, except
the S/N standard deviation ratios for WaCM estimates of 4-day and 14-day averaged current speed and
vorticity fields for a swath width of 1800 km and the baseline standard deviation of σspd = 0.5 m s−1

for the speed measurement noise.

From Chelton et al, 2018
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Wide swath & temporal sampling are key
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Figure 30. The S/N standard deviation ratios for the full CCS region for the magnitude of the
vector-averaged velocity (the “surface current speed”) computed from simulated satellite estimates of
time-averaged SSH (for SWOT) and surface velocity (for WaCM) as functions of the half-power filter
cutoff wavelength of 2-dimensional isotropic smoothing using a Parzen smoother: a) Geostrophically
computed SWOT estimates of 4-day averaged speed; b) Geostrophically computed SWOT estimates
of 14-day averaged speed; c) WaCM estimates of 4-day averaged speed; and d) WaCM estimates
of 14-day averaged speed. The dotted lines correspond to estimates over the full model domain
with simulated uncorrelated measurement errors (σh = 2.74 cm for SWOT and σspd = 0.5 m s−1

for WaCM). The dashed lines correspond to estimates from simulated swath sampling of error-free
fields. The thick solid lines correspond to estimates from simulated swath sampling with uncorrelated
measurement errors (σh = 2.74 cm for SWOT and σspd = 0.5 m s−1 for WaCM). The S/N ratios for
WaCM are based on a swath width of 1200 km. The improved S/N ratios for WaCM with a swath
width of 1800 km are shown in Fig. 42a and b. The gray area in each panel indicates S/N standard
deviation ratios less than 3.16, which corresponds to a S/N variance ratio of 10. The vertical dashed
line in each panel indicates the wavelength above which the S/N standard deviation ratio exceed a
value of 3.16 for the case of combined measurement and sampling errors.

Figure 31. Maps of the magnitudes of 4-day averages of surface velocity from error-free and noisy
simulated WaCM measurements of surface velocity with a swath width of 1200 km and a standard
deviation of σspd = 0.5 m s−1 for the speed measurement noise with isotropic 2-dimensional smoothing
using a Parzen smoother with a half-power filter cutoff wavelength of 25 km: Column a) The 4-day
average over the full model domain computed from error-free model surface velocity fields at a time
step of 0.5 day over the 4-day period; Column b) The 4-day average over the full model domain
computed from model surface velocity fields at a time step of 0.5 day over the 4-day period with
simulated uncorrelated speed measurement errors with a standard deviation of σspd = 0.5 m s−1;
Column c) The 4-day average computed from simulated WaCM swath sampling of error-free model
surface velocity fields at the times and locations of each satellite observation over the 4-day period;
and Column d) The 4-day average computed from simulated WaCM swath sampling of model surface
velocity fields at the times and locations of each satellite observation over the 4-day period with
simulated uncorrelated speed measurement errors with a standard deviation of σspd = 0.5 m s−1. The
bottom panels are the error maps computed by subtracting the error-free map in Column a) from the
error-contaminated maps in the top row of the respective Columns b)–d).

Figure 32. The same as Fig. 31, except the magnitudes of 14-day averages of surface velocity from
WaCM with isotropic 2-dimensional smoothing using a Parzen smoother with a half-power filter cutoff
wavelength of 25 km.

Figure 33. Maps of 4-day averages of normalized surface vorticity ζg/f computed geostrophically
from error-free and noisy simulated SWOT measurements of SSH with isotropic 2-dimensional smooth-
ing using a Parzen smoother with a half-power filter cutoff wavelength of 50 km. The various com-
binations of measurement and sampling errors are the same as for Columns a)–d) of Figs. 26 and
28. In order to see the relatively small effects of measurement errors alone, the color bar for the
bottom panel of Column b differs from the color bar for the bottom panels of Columns c and d. The
bottom panels are the error maps computed by subtracting the error-free map in Column a) from the
error-contaminated maps in the top row of the respective Columns b)–d).

Figure 34. The same as Fig. 33, except for 14-day averages of normalized vorticity ζg/f computed
geostrophically from simulated SWOT measurements of SSH with isotropic 2-dimensional smoothing
using a Parzen smoother with a half-power filter cutoff wavelength of 50 km.
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WaCM 14-Day Average Vorticity/f with Filter Cutoff Wavelength 50 km

Figure 35. The S/N standard deviation ratios for the full CCS region from simulated satellite
estimates of time-averaged surface vorticity computed from simulated satellite estimates of time-
averaged SSH (for SWOT) and surface velocity (for WaCM) as functions of the half-power filter
cutoff wavelength of 2-dimensional isotropic smoothing using a Parzen smoother: a) Geostrophically
computed SWOT estimates of 4-day averaged vorticity; b) Geostrophically computed SWOT estimates
of 14-day averaged vorticity; c) WaCM estimates of 4-day averaged total vorticity; and d) WaCM
estimates of 14-day averaged total vorticity. The dotted, dashed and thick solid lines correspond to
the same combinations of signal and errors as in Fig. 30. The S/N ratios for SWOT in the top panels
never exceed the threshold value of 3.16. The vertical dashed lines for WaCM in the bottom panels
indicate the wavelengths above which the S/N standard deviation ratios exceed a value of 3.16 for
the case of combined measurement and sampling errors based on a swath width of 1200 km. The
improved S/N ratios for WaCM with a swath width of 1800 km are shown in Fig. 42c and d.

Figure 36. Maps of 4-day averages of normalized total surface vorticity ζ/f computed from error-free
and noisy simulated WaCM measurements of surface velocity with a swath width of 1200 km and a
standard deviation of σspd = 0.5 m s−1 for the speed measurement noise with isotropic 2-dimensional
smoothing using a Parzen smoother with a half-power filter cutoff wavelength of 50 km. The various
combinations of measurement and sampling errors are the same as for Columns a)–d) of Fig. 31. The
bottom panels are the error maps computed by subtracting the error-free map in Column a) from the
error-contaminated maps in the top row of the respective Columns b)–d).

Figure 37. The same as Fig. 36, except for 14-day averages of normalized surface vorticity ζ/f com-
puted from simulated WaCM measurements of surface velocity with 2-dimensional isotropic smoothing
using a Parzen smoother with a half-power filter cutoff wavelength of 50 km.

Figure 38. The same as Fig. 30, except the S/N standard deviation ratios from simulated satellite
estimates of time-averaged surface current speed as functions of the half-power filter cutoff wavelength
of 2-dimensional isotropic smoothing using a loess smoother rather than the Parzen smoother used
for Fig. 30.

Figure 39. The same as Fig. 35, except the S/N standard deviation ratios from simulated satellite
estimates of time-averaged surface vorticity as functions of the half-power filter cutoff wavelength of
2-dimensional isotropic smoothing using a loess smoother rather than the Parzen smoother used for
Fig. 35.

Figure 40. The same as the bottom two panels of Fig. 20, except examples of the measurement
swaths for single ascending and descending overpasses of WaCM for the case of a swath width of
1800 km. The ground tracks are for illustrative purposes and could be adjusted longitudinally to
optimize the sampling of any specific region of the world ocean. The details of the sampling of the
CCS region would change accordingly.

Figure 41. The same as Fig. 23, except histograms of the number of samples by WaCM during 4
days and 14 days based on a swath width of 1800 km.

Figure 42. The same as the bottom two panels of Fig. 30 and the bottom two panels of Fig. 35, except
the S/N standard deviation ratios for WaCM estimates of 4-day and 14-day averaged current speed and
vorticity fields for a swath width of 1800 km and the baseline standard deviation of σspd = 0.5 m s−1

for the speed measurement noise.
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• WaCM science priorities are still evolving and we are 
engaging with the science and applications communities 
to refine the key topics and potential benefits for ancillary 
applications.

• Science areas:
– Ocean-Atmosphere-Biosphere Interaction
– Ocean-Atmosphere-Cryosphere Interaction
– Equatorial Ocean-Atmosphere Interaction
– Wind work

WaCM Science Priorities

10© 2018 California Institute of Technology. Government sponsorship acknowledged. 



Modulation of Wind Stress by SST

11© 2018 California Institute of Technology. Government sponsorship acknowledged. Fig. 4. Maps of the spatially high-pass filtered QuikSCAT ENW (colors, top left) and
surface wind stress magnitude (colors, bottom left) averaged over the period June 2002-May
2009 over the Agulhas Return Current region. The contours overlaid in each map are the
spatially high-pass filtered AMSR-E SST averaged over the same period, with dashed (solid)
contours representing negative (positive) SST perturbations. The contour interval is 0.25◦C,
and the zero contour has been omitted for clarity. To the right of these maps are binned
scatterplots of the perturbation ENW (top) and wind stress magnitude (bottom) as functions
of the perturbation SST computed from the monthly-averaged perturbation wind and SST
fields over the same 7-yr period. Within each SST bin, the points represent the means of
the monthly-averaged wind, and the error bars represent estimates of the 95% confidence
intervals of the means within each bin computed from a two-sided t-interval using an effective
degrees of freedom which accounts for the non-independence of individual observations. The
dashed line in each panel is a least-squares fit of the points to straight lines having a slope as
indicated in the lower right of each panel. A histogram of the perturbation SST is shown in
the middle right panel, also computed from the monthly-averaged perturbation SST fields.
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Air Sea Interaction Examples:
Current/SST Stress Modulation, KE Flux

12© 2018 California Institute of Technology. Government sponsorship acknowledged. 

Courtesy A. Wineteer, JPL



Ocean Productivity & Ekman Pumping

13© 2018 California Institute of Technology. Government sponsorship acknowledged. 

From Chelton et al, Science, 2011



Arctic Ocean Freshwater (FW) Budget

Total FW inflow (km3/yr): 
~7,950±400

Based on: Serreze et al., 2006.

Rivers: 3,200±110
P-E: 2,000±200
Bering Strait (liquid): 2,500±300
Bering Strait (ice): 140±40
Norwegian current: 250±50

Oceanic freshwater (FW) storage 
(Sref=34.8)
Liquid: 74,000±7400 km3

Sea ice: 10,000 km3

Salinity, July 1993
0.08 HYCOM
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Total FW outflow (km3/yr):  
~8,720±700

Yukon

Laptev Sea

East-Siberian 
SeaChukchi Sea

Kara Sea

Barents Sea

Beaufort Sea
Annual Discharge (km3/year )
1. Amazon: 5330 ± 426 
2. Congo: 1271 ± 130 
6. Mississippi: 536 ± 130 
7. Yenisey: 577 ± 42
9. Lena: 526 ± 63
13. Ob: 397 ± 61
19. Mackenzie:   288 ± 29
24. Yukon: 203 ± 18
[Dai and Trenberth, 2002]

Fram Strait FW fkux:
Liquid: -2,700 km3/yr
Ice: -2,300 km3/yr 

CAA FW flux:
Liquid: -3,200 km3/yr
Ice: -160 km3/yr



Different Ocean Circulation Patterns on the Arctic Shelf Under 
Different Wind Regimes (from a HYCOM-CICE Simulation)

2012 1998 m/sIntensified BG Weakened BG 

Courtesy A. Dukhovskoy, FSU



Pathways of River Runoff from the HYCOM-CICE 
Experiment with Passive Tracer 

• Ocean model (HYCOM) simulations suggest that 
the concentration of freshwater from Canadian 
and Eurasian rivers is greatly diminished before 
moving into the North Atlantic Ocean.
– Most fresh water entering the North Atlantic 

comes from Greenland.
• However, this is an open question that would 

benefit from better winds and surface currents. 

kg/m3

Mackenzie 
River

East 
Eurasian 
Rivers

West 
Eurasian 
Rivers

0.05

0.14

0.37

1

2.72

7.39

kg m-3

Greenland

Courtesy A. Dukhovskoy, FSU



Doppler Current Measurement Concept

Doppler Phase Difference: DF = 2kDr = fDdt
Radial velocity component: vr = Dr/dt = DF/(2kdt)

Vector currents are estimated by 
combining multiple (≧2) azimuth 
observations and projecting vector to the 
ocean surface.

• Radars provide coherent measurements: both the phase and the amplitude of a 
scattered signal are measured.

• The phase is proportional to the 2-way travel time (or range)
• The amplitude is proportional to the scattering strength of the traget
• Doppler measurements, fD, are obtained by measuring the phase difference between 

pulses, DF. Noise is reduced by combining multiple pulses.
© 2018 California Institute of Technology. Government sponsorship acknowledged. 



DopplerScatt Vector Estimation

18

Bad azimuth diversity

Bad azimuth diversity

Good azimuth diversity

© 2018 California Institute 
of Technology. 
Government sponsorship 
acknowledged. 



DopplerScatt Overview

19

DopplerScatt instrument. It has been deployed on a 
DOE King Air and will transition to an operational 
instrument in the NASA King Air B200.

© 2018 California Institute of Technology. Government sponsorship acknowledged. 

DopplerScatt Programmtic Overview
Scanning Doppler radar developed under NASA’s IIP program
Becoming operational under NASA AITT program by 2019

Data Products: 
1.Vector ocean surface currents
2.Vector ocean surface winds
3.Radar brightness maps (sensitive to surfactants such as oil films)
4. Surface wave 2D spectra (experimental)
Data products are still being refined under AITT. Will be posted in NASA 
PODAAC when finished.

Mapping capabilities: 
• 25 km swath
• maps 200km x 100km area in about 4 hrs
• 200m data product posting
• Mapping within ~600 m of coast
• ~5-10 cm/s radial velocity precision.
• ~ 1 m/s wind speed, <20o wind direction.

Campaigns flown/planned:
• Oregon coast (2016)
• SPLASH (Submesoscale Processes and Lagrangian Analysis on the Shelf) 

in Mississippi River Plume
• (CARTHE) & Taylor Oil Platform Plume (NOAA), April 18-28, 2017.
• KISS-CANON in Monterey Bay May 1-4, 2017.
• Gulf of Mexico Eddy/Chevron (March, 2018)
• California current (August, 2018)



• Key questions:
– How sensitive is Ka-band 

to wind speed and 
direction?

– What surface velocity is 
DopplerScatt measuring?

– Do we understand 
measurement errors and 
how do they scale to 
measurements from space? 

Measurement Feasibility

20© 2018 California Institute of Technology. Government sponsorship acknowledged. 



Scatterometer Wind Estimation

21© 2018 California Institute of Technology. Government sponsorship acknowledged. 

The mean radar backscatter increases 
with wind speed.

The backscatter intensity is modulated as a 
function of azimuth angle relative to wind 
direction.

• By combining measurements from multiple azimuth angles, wind speed and direction can be 
estimated. Ku & Ka backscatter have similar characteristics, so both are suitable for wind 
estimation.

• Experiments have shown that backscatter is proportional to wind stress (although normally 
parametrized as neutral wind).



DopplerScatt Winds

22© 2018 California Institute of Technology. Government sponsorship acknowledged. 



DopplerScatt Wind Validation

23



DoppelScatt measures the velocity of 
capillary (1.5 cm wavelength) waves 
modulated by gravity wave radial 
velocity.

Differential brightness between peaks 
and troughs introduces a bias similar to 
the EM bias in altimetry.

Wind/Wave Contamination

24© 2018 California Institute of Technology. Government sponsorship acknowledged. 

At this time, wind/wave biases are removed via an 
empirical function.
Unfortunately, this also removes some desirable 
components (e.g. Stokes drift)
The next set of DopplerScatt experiments (August 2018) 
will concentrate on improving this current correction.
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Sentinel 3 2017-04-18
Courtesy of  Copernicus 
Sentinel, processed by ESA

DopplerScatt surface current
U component.

Circulation pattern matches 
Sentinel 3 color pattern very 
closely.

© 2018 Institute of Technology. Government sponsorship acknowledged. California



SPLASH 2017-04-18

DopplerScatt NCOM

U

V

© 2017 California Institute of Technology. Government sponsorship acknowledged. 

NCOM Data courtesy G. 
Jacobs & NRL NCOM Team



DopplerScatt GoM Eddy Validation

27© 2018 California Institute of Technology. Government sponsorship acknowledged. 

DopplerScatt Speed Data Overlaid with ROCIS Speed DataIn March 2018, DopplerScatt flew over 
a large Gulf of Mexico Eddy south of 
New Orleans.

Ocean surface current data were 
collected at the same time with Fugro’s  
Remote Ocean Current Imaging 
System (ROCIS) which uses FFT’s of 
space-time ocean wave imagery and 
the dispersion relation to solve for 
surface currents.

ROCIS data courtesy of 
Chevron and Fugro.

Preliminary 
results. Analysis 
on both sides 
still ongoing.



Surface Velocity Random Errors
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Figure 5. Random component of the radial velocity for Signal-to-Noise Ratios (SNRs) of 5 dB (blue),
10 dB (orange), 20 dB (green) and 30 dB (red) and radial velocity standard deviations (0.2 m/s (solid),
0.4 m/s (dashed), and 0.6 m/s (dot-dashed) for a platform velocity of 130 m/s and assuming that
Np = 100 and t ⇡ 0.2 ms. The cross-track distance is divided by the distance from the nadir track to
the outer swath.

In Figure 6, we compare the estimated noise in the radial velocity (blue), against predictions using
Equation (10) with the estimated g using either the naïve Cramér–Rao bound (NL = Np) (green), or the
version where NL is estimated from the total correlation time (orange). The estimates of the radial
velocity random error (blue) were obtained for each pulse-pair by removing a trend in range for the
radial velocity and computing the standard deviation of the resulting signal: this is a conservative
estimate since there will be some natural variability due to waves and currents. Since the ocean
surface correlation time is unknown a priori, we estimate the gN and Tc by fitting a quadratic in
time for multiple pulse separations to the logarithm of the correlation function and averaging the
estimates for each range line for the same samples used to estimate the random error (additional
results regarding the temporal correlation function are given in Section 3.1). Both measured and
predicted random errors show periodic variations with azimuth due to changes predicted by the
Doppler correlation in Equation (6), with minimum errors occurring in the fore and aft directions,
and maxima at broadside. The figure shows that the naïve estimator underestimates the observed
error significantly, while the Cramér–Rao bound with NL determined by the correlation time is in
good agreement with the observations. The fact that the naïve estimator underestimates the error
significantly explains the degraded performance when multiple pulses are used in combination using
Equation (9): the estimation weights wj are too large for the larger pulse-pair separations, resulting in
the introduction of additional noise. One can improve the multi-pulse estimator in Equation (9) by
using the predicted variances, which incorporate the effective number of looks into the weights, wj,
but we have found that this modification has only a small effect on the estimation, due to the larger
errors for greater pulse-pair separation. At this point, we do not have a simple explanation as to why
the MLE estimator performs so poorly against the pulse-pair interferogram phase.

Remote Sens. 2018, 10, 576 12 of 59

Figure 6. Estimates of radial velocity random error obtained from observations (blue), using
Equation (10) (divided by 2kt) with NL = Np (green), and using the same equation but estimating NL
from the correlation time Tc (orange). The data shown correspond to 4.5 revolutions of the antenna.
Note the variations in random error as a function of azimuth due to the variations in gD(f), with error
maxima appearing at broadside, as predicted by Equation (6).

2.4. Processing to s0 and Radial Velocities

Figure 7 presents an overview of the DopplerScatt data processing, which, following the usual
NASA conventions, produces data at three different levels: Level-0 (L0) data transformed from
a raw digital subsystem (DAQ) and IMU data into quality-assessed engineering radar and IMU
data in physical units; Level-1 (L1) data produces geolocated estimates of s0 and residual radial
velocity, after subtracting platform motion effects, obtained by combining 100 transmit pulses;
Level-2 (L2) data contains geolocated estimates for surface vector winds and currents sampled along
individual observations swaths. Level-3 gridded data is obtained by combining multiple swaths
and requires accounting for temporal differences between different swaths, which typically requires
some assumption about dynamics, and is not an official product at this point given uncertainties in
the dynamics at DopplerScatt resolution scales. Below, we describe the general interest L1 and L2
processing algorithms, as L0 processing is hardware specific.

The DopplerScatt instrument uses four different coordinate systems to go from raw measurements
to geolocated data: a system intrinsic to the antenna; a system fixed relative to the instrument mounting
plate; a system relative to the aircraft; and, finally, the East-North-Up (ENU) geolocated coordinate
system. In the early part of L1 processing, GPS/IMU data are merged with the time-tagged radar
data and transformation matrices between the coordinate systems are derived. The down-converted
IQ radar data, including cal-loop and surface returns, are range compressed using time domain
convolution using a weighted reference chirp, to reduce range sidelobes. Estimates of both the phase
and amplitude of the loop-back chirps are calculated and stored for data processing.

A critical part of the processing is in the estimation of ˆ̀, the vector along the look direction,
which is given in the ENU system by

ˆ̀ = sin q [n̂ cos a + ê sin a] � û cos q, (16)

where n̂, ê, û are unit vectors pointing north, east and up, respectively; q is the look angle; and a is the
azimuth angle measured clockwise relative to north.
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cross-track error estimates (see Figure 10), which show good agreement with the theoretical results in
Figure 8.

Figure 8. Along-track (left) and cross-track (right) surface velocity errors for the same cases as shown
in Figure 5: SNRs of 5 dB (blue), 10 dB (orange), 20 dB (green) and 30 dB (red) and radial velocity
standard deviations (0.2 m/s (solid), 0.4 m/s (dashed), and 0.6 m/s (dot-dashed) for a platform velocity
of 130 m/s and assuming that Np = 100 and t ⇡ 0.2 ms.
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Figure 9. Estimated standard error of the radial velocity for fore-looking angles (aft-looking results are
similar) obtained by dividing the standard deviation of fore-looking radial velocities in 200 m boxes,
divided the square root of the number of independent samples (~25).

Figure 10. Estimated along-track (upper) and cross-track (lower) surface velocity component errors,
obtained by propagating radial velocity standard errors, as in Figure 9. Note the agreement with
theoretical estimates shown in Figure 8 for high SNR situations.



• Studies have been conducted jfor a 

potential winds and currents mission.

• The mission was found feasible with 

existing technology and of moderate 

cost.

• Spaceborne performance:

– Wind resolution <5km allowing 

coastal coverage.

– Current resolution O(30km) @ 

O(10 cm/s) precision

– Both measurements roughly on 2 

times/day.

Winds and Currents Mission Concept

29© 2018 California Institute of Technology. Government sponsorship acknowledged. 

1800 km swath

700 km



Radial Velocity Performance
5 km resolution
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Velocity Component Performance
5 km resolution
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Random errors would decrease by a factor of 5 for 25 km resolution

Multi-temporal averaging further reduces random error


